The distribution of valence neutrons of odd-odd 120,122,124 Sb nuclei was investigated in the framework of the interacting boson-fermion-fermion model. It was found that the occupation probability of the h 11/2 orbit increased by 0.084Ϯ0.037 when exciting the odd proton from the d 5/2 to the g 7/2 state. The change was interpreted as a result of the proton-neutron interaction.
I. INTRODUCTION
Adding several nucleons to a spherical nucleus, it gets deformed, as the sphericity-favoring pairing correlations between the pairs of protons and neutrons are gradually exceeded by spatial correlations between the proton-neutron pairs. From a shell model point of view, the isoscalar (Tϭ0͒ component of the proton-neutron effective interaction is responsible for the shape change ͓1͔ through mixing of the shell model states. The energy of the proton-neutron interaction reaches its maximum value when proton and neutron radial wave functions are strongly overlapping (N p ϭN n and l p Ϸl n ), because of the short range of the p-n interaction.
Recent Hartree-Fock-Bogolyubov calculations ͓2,3͔ justify the role of the proton-neutron interaction and put emphasis on its quadrupole-quadrupole component. Federman and Pittel have proposed an impressive picture for interpretation of the onset of deformation ͓4͔. In their approach, when, e.g., protons start to occupy an orbit, they pull neutrons into spatially strongly overlapping orbits, via the p-n interaction. To reach the maximal overlap the neutrons move as close to the equatorial plane of the proton orbit as possible. This kind of polarization mechanism results in formation of a deformed shape.
According to the above mechanism, when adding protons to a spherical nucleus, the distribution of neutrons over different orbits must be changed. The neutrons should be moved into those orbits which have the largest spatial overlap with the filled proton orbits; thus, the occupation probabilities of the strongly overlapping orbits have to be increased, which is expected to be a measurable effect. Although the proposed mechanism for development of deformation is a very plastic one, no direct observation of a change of the occupation probabilities is known up to now.
To search for the Federman-Pittel effect, it is most straightforward to study those spherical nuclei which remain spherical even after adding one or two valence nucleons to it. This condition ensures that the concepts of the occupation probabilities as well as of the states themselves keep their original meaning. The singly closed shell nuclei have enough valence particles which can be polarized and remain spherical after adding a pair of nucleons to the closed shell; thus, they seem to be optimal for such an investigation. We have chosen the Sn isotopes, having a long chain of isotopes, providing the possibility of systematic investigations.
Adding a single proton to the Sn nuclei can lead to the rearrangement of the valence neutrons, and in this way to a change of the occupation probabilities of the neutron orbits. The occupation probabilities can be measured by singlenucleon transfer reactions. The average reliability of the occupation probabilities deduced from a distorted-wave Born approximation ͑DWBA͒ analysis is ϳ20% for states strongly excited in transfer reaction ͓5,6͔. The precision can be further enhanced by taking into account the appropriate corrections to the DWBA method, and taking care in choosing the optical model parameters and radial form factors ͓5-7͔. Analyzing a whole set of reactions, and interrelating the different spectroscopic factors, the uncertainties can be pushed down to ϳ5%, as in the case of the f 7/2 orbit in the Ca region ͓8͔.
Single-nucleon transfer reactions were performed both for Sn and Sb nuclei ͓9,10͔, but, unfortunately, they were not aimed at searching for a fine effect, but to get information on the structure of the nuclei investigated. In the case of odd Sb isotopes the final nuclei are odd-odd ones, and probably due to the high level density of these nuclei even at low energies, relatively large amounts of single-particle transfer strengths were missing from the sum rule limit even in high quality measurements, which resulted in a situation where practically all V 2 values are smaller in Sb than in Sn. Adding two protons to the Sn nuclei, the even Te isotopes are obtained, for which experimental occupation probabilities are also available. For the overlapping region of nuclei with Nϭ70-74, the measured occupation probabilities in Te ͓11͔ are quite close to those in Sn. Taking into account the scattering of the data and the systematic uncertainty of the deduction of occupation probabilities from the results of singlenucleon transfer reactions, it can be concluded that the differences in the occupation probabilities of the neutron states, ⌬V 2 , are less than 0.15. To push lower the limit on the change of neutron occupation probabilities because of adding a proton to the nucleus, more precision measurements of the spectroscopic factors are required, or an other quantity sensitive to occupation probabilities can be used. 
II. METHOD
It is known that the shape of splitting of the protonneutron multiplets in the E* versus J(Jϩ1) plot is very sensitive to the occupation probabilities ͓12͔. The matrix elements of the effective interaction are proportional to (U 2 ϪV 2 ) in the quasiparticle model, where U 2 ϭ1ϪV 2 . In a more realistic case, where the presence of the core nucleons is also considered, the shape of splitting of the multiplets changes from an open down parabolic form through a W-like fourth order splitting to an open up parabolic shape ͓13͔. The splitting is very sensitive to the occupation probabilities in the V 2 ϭ0.2-0.8 range. From the experimental splittings of the multiplets the values of the occupation probabilities can be deduced by use of a particle-vibration coupling model. Applying the interacting boson-fermion-fermion formalism, which takes into account in a consequent way the most important particle-vibration and particle-particle interactions as well as the anharmonicities of the core, the splittings of the proton-neutron multiplets of In and Sb nuclei ͓13-15͔ could be successfully described.
The Hamiltonian of the interacting boson-fermionfermion model ͑IBFFM͒ ͓16͔ is
where H IBFM () and H IBFM () denote the IBFM hamiltonians for the neighboring odd-even nuclei with an odd proton and odd neutron, respectively ͓17͔. H IBM denotes the IBM Hamiltonian ͓18͔ for the even-even core nucleus. H eff denotes the effective proton-neutron interaction.
In this work, as in Refs. ͓13-15͔, the core Hamiltonian was simplified to its vibrational limit, all the particlevibration interactions, namely, the dynamical interaction having a quadrupole-quadrupole nature, as well as the exchange and monopole interactions were kept both for protons and neutrons; furthermore, a spin-dependent delta interaction with an additional spin polarization term was taken as the effective proton-neutron interaction:
The IBFFM Hamiltonian was diagonalized in the protonneutron-boson basis:
where j and j stand for the proton and neutron angular momenta coupled to J, n d is the number of d bosons, R is their total angular momentum, and I is the spin of the state. The computer code IBFFM, used for the calculations, was written by Brant, Paar, and Vretenar ͓19͔.
In addition to the occupation probabilities, all the coupling strengths in the model, and even the core parameters, can affect the shape of the proton-neutron multiplet splitting. All of these parameters are bound to some physical region of possible values, but none of them can be determined as sharp quantities. Taking into account the uncertainty of these parameters, the occupation probability, which can be deuced from an IBFFM analysis, has much larger uncertainty than those determined from the spectroscopic factors. That is why an IBFFM analysis cannot compete with the transfer reaction measurements in determination of the absolute occupation probabilities.
We can get information on the polarization effect performing a relative occupation probability determination by investigation of the change of neutron occupation probability, not by adding a proton to the system, but by changing the proton state in the same nucleus. In this case the correlations determining the neutron-core interactions remain the same, as the neutron remains in the same state. Similarly, the core structures, in terms of the phonon energy and the anharmonicities, are expected to be the same, as they do not depend on the state of the odd proton. The proton-core coupling will, nevertheless, change, but if the proton is a single particle, the proton core interaction can be well approximated with a quadrupole-quadrupole interaction, the state dependence of which is well understood ͓20͔. The state dependence of the proton-neutron interaction can also be handled in a simple manner, approximating the effective interaction with a ␦ force, which is accepted as a good approximation ͓12,21͔. Although the absolute value of the occupation probability of the neutron state deduced from the multiplet splitting will even now be quite uncertain (⌬V 2 ϳ0.15), the difference in the occupation probabilities deduced for different proton states will already be stable against reasonable changes of the model parameters. In this way we can get rid of the uncertainties of the absolute method and reduce the error of the difference by a factor of 3-4 compared to the error of the difference between the V 2 values determined from IBFFM. This may be enough to go beyond the limits set by the presently available transfer reaction data in this region.
III. IBFFM ANALYSIS OF THE SPLITTINGS
For the investigation of the change of occupation probability of the h 11/2 neutron state depending whether the proton is in d 5/2 or g 7/2 state the d 5/2 h 11/2 and g 7/2 h 11/2 multiplets of the 124Ϫ120 Sb nuclei could be applied. The following states were accepted as the experimental basis of the comparison: The 103, 0, 88, 132, 125, 180, and 37 keV levels of 124 Sb were assigned to the 2 Ϫ -8 The wave functions of the above proton-neutron multiplet states were analyzed on the basis of spectroscopic factors and electromagnetic properties of the states using IBFFM ͓13,14͔. It was found that most states are pure protonneutron-boson multiplet states, but there is some mixing between the negative parity states. The mixing is strongest in the case of 7 Ϫ and 8
Sb states, where it reaches even 20%, which leads to a ϳ20 keV change in the energy of these states.
In order to determine the occupation probability of the h 11/2 neutron state we calculated the energy splitting of the d 5/2 h 11/2 and g 7/2 h 11/2 multiplets in IBFFM as a function of the occupation probabilities, and compared the calculated values to the experimental data.
The parameters of the model were as follows: The core was approximated with a harmonic vibrator with បϭ1.2 MeV, the average energy of the 2 1 ϩ state in the neighboring even-even Sn nuclei. The standard values used earlier to describe the structure of 114Ϫ124 Sb nuclei ͓13-15͔ were taken for the particle-vibration coupling strengths. The dynamical and monopole proton interaction strengths were ⌫ ϭ0.65 and A ϭ0.1 MeV, and the exchange interaction strength was neglected, as the bosons consist of neutron excitations. The neutron dynamical, monopole, and exchange interaction strengths were ⌫ ϭ0.6, A ϭ0.1, and ⌳ ϭ1.3 MeV, respectively. The short range proton-neutron effective interaction strengths V 0 ϭϪ500 MeV fm 3 and ␣ϭ0.15 are characteristic for the doubly closed shell nuclei ͓24͔. The radial matrix elements were calculated using harmonic oscillator wave functions with oscillator parameter bϭ2.27 fm.
To allow for different neutron occupation probabilities in the case of different multiplets, only one neutron and one proton state was allowed for in the calculations; that is, we did not include the mixing of the multiplets in the present description. To consider the neglected mixings and correlations we assumed a 20 keV systematic uncertainty in the calculated energies.
IV. RESULTS AND DISCUSSION
The experimental energies of the members of the d 5/2 h 11/2 and g 7/2 h 11/2 multiplets are compared in Fig.  1 with the theoretical curves obtained as best fits. The IBFFM curves fit very closely to the experimental points. Their rms deviations are in the 20-50 keV range. For the sake of comparison, in the upper part of the figure also the splittings of the d 5/2 h 11/2 multiplet calculated with the same h 11/2 occupation probability as the g 7/2 h 11/2 multiplet are shown as dashed lines. It is interesting to see that these curves resemble much more closely the splitting of the same multiplet in the nucleus having two more neutrons.
The quality of the IBFFM descriptions was characterized by the 2 /F values. The change of 2 /F as a function of V 2 is shown in Fig. 2 . It is seen that the positions of the minima for the two multiplets are systematically at different positions, the minima of the g 7/2 h 11/2 multiplets are always at higher occupation probability, and even the values of the differences determined at the optimal occupation probabilities are more or less the same. The differences are less than 0.1, and have their significance levels between 1 and 2 values. Taking advantage of the systematic study and the averaging over the three nuclei the significance level could be pushed above the 2 limit. On average, the occupation probability of the neutron h 11/2 orbit is 0.084Ϯ0.037 larger, when the proton is in the g 7/2 state compared to the occupation probability, obtained when the proton is in the d 5/2 state. It suggests that the proton in the g 7/2 state forces a pair of neutrons to spend ϳ35% more time in the h 11/2 orbit. Although this difference is very small, it corresponds to ϳ20% of the occupation probability, and so it is expected to be visible in high precision transfer reaction experiments, too.
A similar analysis to the h 11/2 case could be performed in 120
Sb for the d 3/2 neutron state. In this nucleus all the members of the d 5/2 d 3/2 and g 7/2 d 3/2 multiplets are identified ͓14͔. The 2 analysis of these multiplets shows that the occupation probability of the d 3/2 state is larger by 0.09 Ϯ0.05 when the proton is in d 5/2 state ͓25͔.
The above results indicate that there is some positive correlation between the increase of the occupation probability of certain neutron orbitals and the overlap of the proton and these neutron states, as was proposed by Federman and Pittel ͓4͔. As in our analysis only the state of the single proton was changed, and the effect observed can be traced back to the state dependence of the p-n interaction. Two different components of the p-n interaction are relevant for the interpreta- 120, 122, 124 Sb as a function of the occupation probability of the h 11/2 state. The numbers at the bottom of figures show the differences of the occupation probabilities deduced at the best fits. The uncertainties of the differences were determined at min 2 ϩ1.
tion of the above effect: the monopole one, which shifts the positions of the single-particle orbits, and the quadrupole one, which is responsible for the polarization ͓26͔. The monopole effect means that when a proton is added to a Sn nucleus it makes the neutrons more bound as a result of the attractive proton-neutron interaction. The singleparticle energy, which includes the proton-neutron selfenergy term, can be given ͓27͔ as
where V pn 0 is the matrix element of the average ͑monopole͒ proton-neutron interaction. Depending on the radial behavior of the effective proton-neutron interaction, the different orbits can gain energy to different extents. A volume delta interaction produces the strongest state dependence, while a surface delta interaction, with no radial dependence, leads to the same energy shift for all valence orbits.
A changing of the state of the single proton leads to the change of the proton-neutron matrix element V pn 0 , and in this way to some change in the neutron single-particle energies. The magnitude of this monopole effect can be estimated using the same proton-neutron interaction as for the calculation of the splitting of the multiplets, and approximating again the single-particle wave functions with oscillator wave functions. Because of the larger radial overlap with the g 7/2 orbit, the single-particle energy of the h 11/2 neutron state will be ϳ140 keV lower, if the proton is in g 7/2 state instead of being in the d 5/2 one, while the d 3/2 and s 1/2 states gain 275 and 125 keV more energy, respectively, when the proton is in the d 5/2 state.
The change in the single-particle energies has its effect on the occupation probabilities, too. In the case of 120Ϫ124 Sb the h 11/2 state lies close to the Fermi surface, that is, in that region where the occupation probability changes nearly linearly with the single-particle energy. The 140 keV change in the single-particle energy of the h 11/2 state corresponds to an increase of 0.041 in its occupation probability. The quasilinear regime grants that the uncertainty of the change of the occupation probability, because of using different initial energies from different systematics, remains small, ϳ0.004. The average p-n interaction strength has also a ϳ10% uncertainty; thus, all together the monopole effect caused a ⌬V 2 ϭ0.041Ϯ0.008 increase of the occupation probability of the h 11/2 orbit. For the quadrupole effect, ⌬V 2 ϭ0.043 Ϯ0.045 remains. Its order of magnitude is in the range calculated by Federman and Pittel for the heavy Mo isotopes (⌬V 2 Ͻ0.05) ͓4͔, but, unfortunately, it is completely covered by the uncertainty of the present analysis.
V. CONCLUSIONS
In the present paper we proposed a novel method for the deduction of a change of occupation probabilities of one type of nucleon, because of a change of the state of the other type of nucleon. Using this method, it was possible to show that the occupation probability of the strongly overlapping orbitals slightly increased. This increase is just at the detection limit, but it shows some experimental evidence in relatively clean conditions for the polarization mechanism proposed by Federman and Pittel. A more significant effect is expected in a softer nucleus. To search for such a more impressive effect an investigation of 124, 126 I nuclei, which have two more protons than 122, 124 Sb of the present study, was started ͓28͔.
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